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INTRODUCTION 

In combination with chemotherapy, the antitumor activity of Herceptin (anti-Her-2/neu), 
a humanized monoclonal antibody directed against HER-2/neu, has been effective in 
treatment of breast cancer cells overexpressing HER-2/neu. This promising, FDA 
approved, and commercially available antibody may be effective in eradicating pre- 
vascularized micormetastatic disease when labeled with a short lived alpha particle 
emitter. Alpha particles are very effective in sterilizing cells, and 1 to 3 particles 
transversing the cell is enough for cell kill. Therefore, this treatment approach may have 
the potential of eradicating micrometastatic disease both of non-overexpressing and 
overexpressing breast cancer cells. These hypotheses will be tested first on a tumor 
spheroid model that can be closely controlled. Spheroids of breast cancer cells 
expressing different levels of HER-2/neu will be incubated with Herceptin labeled with 
an alpha particle emitting radionuclide. This model will be used to determine optimal 
antibody concentration, dose level and treatment schedule. Using the results obtained 
from the in vitro spheroid system, a pilot effort to obtain preliminary data on treatment 
response in vivo will be undertaken. Spheroids will be injected intraperitoneally in 
athymic mice and response to Bi-213-Herceptin therapy will be monitored using MR 
imaging. The cells in the injected spheroids will be tagged with a MRI contrast agent. 
The potential of Dexamethasone to enhance radiosensitivity by increased apoptotic death 
will be examined. The proposed study may result in a novel treatment approach where 
Herceptin will be used to eradicate breast cancer micrometastases expressing HER-2/neu. 

BODY 

Task 1 (month 1-3) - Make spheroids of the four cell lines HBL-100, BT-474, MDA-MB- 
361 and MDA-MB-175- VII 

Spheroids have been generated using the cell lines, BT-474, and MDA-MB-361. These 2 
cell lines express HER-2/neu at high and intermediate levels, respectively. Attempts to 
generate spheroids using the cell lines, HBL-100 and MDA-MB-175-VII, were 
unsuccessful. To complete the range of HER-2/neu expressing spheroids, spheroids of 
the breast carcinoma cell line MCF7 were used to represent a low HER-2/neu expressing 
system. 

Characterization of HER-2/neu expression 

The differential HER-2/neu expression of these 3 cell lines was confirmed by flow 
cytometry (FACS output included in the appendix). The relative HER-2/neu expression 
ratios for MCF7:MDA-MB-361:BT474 are 1:4:15. 

Growth characterization 
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The median of 24 individual 
spheroid growth curves for the three Fig. 1 
cell lines are depicted in figure 1. 
After initiation in liquid overlay 
culture (/), spheroids were placed in 
individual wells of a 24-well plate 
and spheroid growth was monitored 
by measuring major and minor 
diameters using a graduated eye- 
piece on an inverted optical 
microscope. Details are described in 
reference (2). The high HER-2/neu 
expressing line, BT-474, was found Day 

to grow in an unusual pattern. Over 
the first 10 to 20 days, the volume of untreated BT-474 spheroids decreased relative to 
the original spheroid volume. Beyond this initial "dip", the growth rate matched that of 
MCF7 spheroids. The "dip" arises because BT474 spheroids appear to undergo a 10 to 
12-day period of cell shedding. Cells from the surface are shed and a core of cells 
remains and continues to grow leading to outgrowth of a spheroid. Our working 
hypothesis is that cells in the initial BT474 cell cluster are not tightly adherent to each 
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other and that as a core of tightly adherent cells grows, the surface layer of less adherent 
cells is shed. Figure 2 depicts light microscope images of a typical BT474 spheroid 
undergoing the above-described 
process. The values below each Fig- 3 
image correspond to time in days. 
Since this dip presents difficulties 
in assessing the response of 
BT474 spheroids to Herceptin 
treatment, we chose to initiate 
BT474 spheroid experiments 
after the cell shedding period. 
Figure 3 depicts a number of 
BT474 spheroid control growth 
curves. The curve marked 1 
(circles) is identical to the one in 
Fig. 1. The curve marked 
BT474-2 (diamonds) corresponds to a waiting period of approximately 7 days. 
Subsequent BT474 experiments (curves 3 through 5) were performed after a 20-day 
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period. The figure shows good reproducibility in the control growth curve for BT474, a 
cell line that is known to be difficult to grow, in vitro. 

Task 2 (month 4-6) - Characterize antibody penetration (confocal microscopy) and 
determine optimal Herceptin concentration for cell kill experiments in spheroids of all 
cell lines. 

Figure 4 depicts confocal microsopy images taken through the equator of BT474 and 
MDA MB-361 spheroids following incubation with 10 ug/ml FITC-tagged herceptin 
antibody; the incubation duration is shown below each image. The images were 
converted to grayscale such that the green fluorescence is depicted in black. Regions that 
are gray or black Fie 4 
reflect the 
presence of 
FITC-tagged 
Herceptin 
antibody. f. i 
Approximately BT474 fe I 
150 to 200 um- \ /       \^ 
diameter v*^lSsg»"^ *•*««•■•'*• 
spheroids were 
imaged. In the .' 
BT474 
spheroids, MDA MB-361 »   I 
individual cells * / 
on the spheroid , v t 

rim may be 
clearly 
identified. \ h. T>h 
Consistent with 
the known cell- 
surface localization of HER-2/neu, staining is seen only on the cell surface. After an 
incubation duration of 1, 3 or 5 hours, Herceptin has penetrated approximately 1, 2 and 3 
cell layers, respectively. A similar pattern is seen with spheroids of the MDA MB-361 
cell line. As expected, due to the reduced HER-2/neu expression on these cells, staining 
intensity is reduced. The extent of antibody peneteration, however, is similar to that seen 
for BT474 spheroids. These images were collected with a known concentration of FITC- 
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labeled antibody in the field of view. The background signal intensity was used to relate 
fluorescent intensity to antibody concentration. Using software developed, in house (3), 
and spheroids composed of cells that had been transfected with green fluorescence 
protein to correct for signal attenuation through the spheroid (4), these images were 
converted to antibody concentration profiles. The results are depicted in figures 5 and 6 
for BT474 and MDA MB-361 spheroids, respectively; each curve corresponds to the 
median of 5 individual spheroid measurements. Details regarding this methodology are 
provided in reference (4). The antibody concentrations profiles show a relatively slow 
penetration of the antibody with antibody penetration being slightly deeper in the BT474 
spheroids than in the MDA MB-361 spheroids. Since the range of alpha particles is 
typically 80 to 100 urn, complete penetration of antibody is not required to deliver 
radiation to the spheroid core. The 10 ug/ml antibody concentration used in these studies 
was, therefore, deemed adequate for the spheroid killing experiments. 

Task 3 (month 7-20) - Perform cell hill experiments using Herceptin labeled with Bi-213. 
Investigate different Bi-213 activity concentrations and specific activities, relevant and 
irrelevant antibody. Determine optimal Herceptin concentration and Bi-213 activity for 
each cell line. 

Unlabeled Herceptin dose-response 

The first step in evaluating the efficacy of alpha-emitter labeled antibody was to 
determine the efficacy of unlabeled Herceptin for each cell line. In monolayer culture, 
Herceptin incubation is reported to result in increased cell doubling time leading to 
increased cell dormancy (5). Figures 7 through 9 depict dose-response relationships for 
BT474, MDA MB-361 and MCF7 spheroids, respectively. Median curves obtained from 
24 spheroids per herceptin concentration are shown. One hour incubation with Herceptin 
antibody concentrations ranging from 10 to 500 ug/ml, did not affect the growth kinetics 
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of the spheroids. A one-hour incubation duration was chosen because this was used in 
the labeled Herceptin spheroid kill experiments. The absence of an effect on spheroids as 
opposed to monolayer culture is probably the result of incomplete penetration of the 
Herceptin antibody into spheroids (see above). The known increased resistance to 
cytotoxic and growth inhibitory agents of spheroids relative to cells in monolayer culture 
may also play a role (6). 
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Monolayer culture and spheroid radiosensitivities 

To discriminate between inherent radiosensitivity of the different cell lines versus 
differential expression of HER-2/neu, the radiosensitivity of each cell line was 
determined in monolayer culture using the colony formation assay (7). One thousand to 
ten million cells (depending on radiation dose to be delivered) were plated in monolayer 
culture and were irradiated using a Cesium irradiator with 3, 6, 9, or 12 Gy. Fractional 
cell survival curves (surviving fraction, SF vs absorbed dose) are shown in figure 10 for 
each cell line. Table 1 lists the D0 values (the amount of absorbed dose required to yield 
a 37% cell survival fraction). 

Fig 10 
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Table 1- radiosensitivity 

Cell line Do (Gy) 
BT474 0.32 
MDA MB-361 0.28 
MCF7 0.14 

Fig. 11 
Bt474 X-beam dose response 

Do, values were obtained by fitting a monoexponential function, SF = exp(-D/D0), to the 
data shown in figure 10. The results show that the two 
HER-2/neu receptor positive cell lines are 
approximately equivalent in radiosensitivity, whereas 
MCF-7, the low HER-2/neu expressing line is 
approximately 2-fold more radiosensitive. It is 
important to note that although these results provide 
some indication of likely spheroid radiosensitivity against alpha-particles, the numbers 
can not be translated directly to spheroid 
kill experiments because alpha particles 
have a greater biological efficacy per unit 
absorbed dose (7) and because cells 
derived from spheroids have exhibited a 
reduced radiosensitivity relative to cells in 
monolayer culture (<5). These experiments 
will be repeated using alpha particles and 
spheroids. Preliminary results with BT474 
spheroids for external (photon) irradiation 
are shown in figure 11. The median 
volume of 12 individual spheroids per 
absorbed dose are plotted. Cell viability in 
spheroids that had stopped growing was assessed using the spheroid control assay (5), in 
which remaining spheroids are placed in monolayer culture and the fraction of plated 
spheroids that gives rise to colonies is counted after 20 to 30 days. At the 9 and 12 Gy 
dose levels, 11/12 and 0/12, respectively, formed colonies. 
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BT-474 untreated control 
Fig. 12 BT-474 Cold Herceptln 

BT-474, hot control BT474,100 nCI Ac-225/ml on 10 ugftnl herceptln, 
1h incubation duration 

Spheriod kill with radiolabeled Herceptin 

The alpha-particle emitting radionuclide, Bi-213, has been replaced with Ac-225, also an 
alpha-particle emitter. This was necessary because of limited Bi-213 availability. Ac- 
225 has a 10-day half-life as compared to 45.6 min. for Bi-213. This makes the labeling 
and handling of this radionuclide easier, both for experimental work and for eventual 
clinical implementation. Complete decay of Ac-225 and its daughters yields 4 alpha 
particles compared to one alpha-particle for Bi-213. Ac-225 labeled Herceptin antibody 
was obtained from the lab. of David Scheinberg, a collaborator on the grant. The purity 
was generally > 90% and the immunoreactivity of the labeled product was between 70 to 
80%. Spheroid kill experiments were carried out by incubating 12 to 24 spheroids with 
Ac-225-labeled Herceptin or non-specific (hot control) antibody in a 2 ml volume; 
untreated (control) and 
unlabeled Herceptin i( 

antibody (cold control) 
were also included as g 
controls. Figures 12 5 
through 14 depict results 
for BT-474, MDA MB- 
361 and MCF7 spheroids, 
respectively. The 
volume, in um3 x 106 is 
plotted against time in 
days; each curve | 
corresponds to the growth 
history of a single o 
spheroid. All incubations 
were carried out for 1 hr. 
Specific and hot control 
incubations were with t 
100 nCi/ml Ac-225 on 10 
ug/ml antibody. | 
Unlabeled Herceptin at 
10 ug/ml was used for the 
cold control experiments. 
Radiolabeled anti- 
leukemia antibody, 
HuM195, was used for 
the hot control . 
experiments. These i 
preliminary results show 
a strong cytotoxic effect 
ofAc-225-labeled 
Herceptin at a radioactivity concentration of 100 nCi/ml for BT474 (high HER-2/neu 
expressing) spheroids. The lower right quadrant of figure 12 shows that 24/24 spheroids 
disaggregated 50 to 60 days after treatment. As shown on the lower left quadrant, 

MDAMB-361 untreated control Fig. 13 MDA MB-361 cold herceptin 

MDA MB-361 hot control MDA MB-361 Herceptin 
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MCF7 untreated control 
Fig. 14 MCF7 cold control 

MCF7 hot control MCF7 herceptin 

however, this activity concentration leads to overkill since the non-specific antibody also 
yielded substantial 
spheroid kill. In 
contrast, MDA MB- 
361 spheroids 
exhibited only a 20-     | 
day growth delay 
following exposure 
to Ac-225-labeled 
Herceptin. The lack 
of response to non- 1( 

specific 
radiolabeled | ' 
antibody (hot ? 

control) suggests 
that, in contrast to 
results seen with 
external beam photon irradiation, MDA MB-361 spheroids may be less sensitive to alpha 
irradiation than BT474 spheroids. A detailed assessment of alpha radiosensitivity using 
non-specific antibody is pending (see above). Corresponding results for MCF7 spheroids 
showed a very slight effect of Ac-225-Herceptin (Fig. 14). Growth monitoring of MCF7 
spheroids was stopped at approximately 60 days because the spheroids had become too 
large for further monitoring by optical microscopy. Figures 12 through 14 provide 
preliminary evidence suggesting that the efficacy of radiolabeled herceptin depends upon 
the antigen expression. The high spheroid kill rate for hot control in the BT474 
experiments suggests a differential radiosensitivity of the spheroids to alphas that is not 
predicted by the external photon radiosensitivity measurements. These preliminary 
results for MDA MB-361 have been confirmed and extended in the dose-response results 
shown on figure 15. In this set of experiments, the radioactivity concentration of Ac-225 
was varied while keeping the Herceptin concentration fixed at 10 p-g/ml; all other 
conditions are identical to those for the experiments shown above. 

untreated control 

Fig. 15 
hot control:500 nCI/ml Ac225,10 ug/ml HuM195 

50 nCI/im Ac225,10 ug/ml Herceptin 

Day 

A clear dose-response is 
observed, with 
progressively increasing 
radioactivity concentration 
leading to greater spheroid 
growth retardation. The 

Day 

100 nCi/ml Ac225,10 ug/ml Herceptin 

Day 

500 nCI/ml Ac225,10 ug/ml Herceptin 

Day 



George Sgouros, Ph.D. 11 

hot control caused minimal spheroid growth retardation at an activity concentration that 
yields complete spheroid kill for the specific antibody. The hot control results appear to 
confirm the high radioresistance of these spheroids. The results also suggest that the 
optimal activity concentration may lie between 100 and 500 nCi/ml. At 500 nCi/ml, 0/12 
spheroids yielded colonies upon plating in monolayer culture. All spheroids exhibitied 
growth at 100 nCi/ml. Typical optical microscopy images of MDA MB-361 spheroids at 
different times (in days) after treatment are shown in figures 16 through 20. Similar 
dose-response studies will be conducted for the other 2 spheroid systems, the impact of 
different antibody concentrations will also be examined in the remainder time that is left 
for completion of task 3. 

Fig. 16 - MDA MB-361 Untreated 

59 

Fig. 17 - MDA MB-361 hot control 
(500 nCi/ml Ac-225 on 10 ug/ml HuM195 Ab) 

42 

59 
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Fig. 18 - MDA MB-361 specific, level 1 
(50 nCi/ml Ac-225 on 10 ug/ml Herceptin) 

59 

Fig. 19 - MDA MB-361 specific, level 2 
(100 nCi/ml Ac-225 on 10 ug/ml Herceptin) 

59 

Fig. 20 - MDA MB-361 specific, level 3 
(500 nCi/ml Ac-225 on 10 ug/ml Herceptin) 

K? 

21 42 

m 
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KEY RESEARCH ACCOMPLISHMENTS 

• Generated and characterized the growth of spheroids expressing different levels of 
HER-2/neu receptor. 

• Evaluated the radiosensitivities of the three cell lines used for generating the 
spheroids. 

• Characterized antibody penetration kinetics into HER-2/neu expressing spheroids. 
• Evaluated the response of HER-2/neu expressing spheroids to Herceptin and to Ac- 

225 labeled antibody 
• Preliminary demonstration of the feasibility of controlling tumor cell clusters with 

intermediate expression of HER-2/neu. 

REPORT ABLE OUTCOMES 

none 

CONCLUSIONS 

Work carried out this first year of the funding period concentrated primarily on model 
development and characterization. During this period spheroids derived from cells with 
high, intermediate, and low levels of HER-2/neu expression were generated and 
characterized. These models are critical to the successful completion of the work and to 
the development of a strategy for targeting breast cancer metastases that may not express 
HER-2/neu at the high levels required for unlabeled Herceptin treatment. 

Dose-response results obtained with MDA MB361 spheroids suggest that it will be 
possible to eradicate tumor cells with intermediate expression of HER-2/neu using Ac- 
225-labeled herceptin at a concentration between 100 and 500 nCi/ml. Scaled up to 
human administration, assuming an initial distribution volume of 3L (i.e., the plasma 
volume), this activity concentration translates to approximately a 1 mCi injection of 
225Ac-Herceptin. Based on animal studies, this activity concentration is clinically 
realistic (9). 

SO WHAT? These preliminary studies suggest that by using Herceptin antibody 
radiolabeled with an alpha-particle emitter it may be possible to treat breast cancer 
patients whose tumor does not demonstrate high expression of HER-2/neu. 
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APPENDIX A - supplementary figures 

1. output of FACS analysis showing relative HER-2/neu expression density on BT474, 
MDA MB-361 and MCF7 cells. 
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Abstract 
Cells from the prostate tumor cell line LNCaP have 

been grown as spheroids. The growth kinetics of the sphe- 
roids have been characterized by fitting a Gompertz equa- 
tion to spheroid growth curves. The proliferation state of 
cells within spheroids of different diameters was assessed by 
bromodeoxyuridine staining. Scanning and electron trans- 
mission microscopy were performed to determine the ultra- 
structure of the spheroids. Prostate-specific antigen (PSA) 
secretion was monitored throughout spheroid growth. Con- 
sistent with Gompertzian kinetics, the volume of LNCaP 
spheroids initially increased exponentially and then reached 
a plateau. The doubling time during the exponential phase 
was 29 ± 4 h. A core of nonproliferating cells was seen in 
spheroids with a diameter of 400 (Am; at a diameter of 600 
p.m, a necrotic core had formed. In smaller, 200-p.m diam- 
eter spheroids, a core of nonproliferating cells was not seen, 
but proliferating cells were concentrated at the spheroid 
periphery. Electron microscopy showed that the spheroids 
were enveloped by an extracellular matrix and that cell 
adhesion within the spheroids was due in part to desmo- 
somes. PSA secretion by the spheroids could be modeled as 
originating from a spherical shell whose thickness was in- 
dependent of overall spheroid diameter. The shell thickness 
obtained by fitting an appropriate equation to the data was 
consistent with that determined from the bromodeoxyuri- 
dine studies. LNCaP cells exhibit several important features 
of prostate cancer cells; in vivo, they are androgen respon- 
sive, and they express prostatic acid phosphatase, PSA, and 
prostate-specific membrane antigen. LNCaP spheroids pro- 
vide a simple but relevant model for the study of drug 
delivery and response in prostate cancer. 

Introduction 
Multicellular tumor spheroids have been used as experi- 

mental models in the study of tumor cell metastases (1-8). The 

1 Presented at the "Seventh Conference on Radioimmunodetection and 
Radioimmunotherapy of Cancer," October 15-17, 1998, Princeton, NJ. 
Supported by NIH National Cancer Institute Grant CA72683. 
2 To whom requests for reprints should be addressed, at Department of 
Medical Physics, Memorial Sloan-Kettering Cancer Center, 1275 York 
Avenue, New York, NY 10021. Phone: (212) 639-2127; Fax: (212) 
717-3010; E-mail: sgourosg@mskcc.org. 

spheroid model system offers many of the advantages in terms 
of experimental manipulation and analysis that are inherent in 
monolayer tissue cultures, yet it exhibits many of the properties 
seen in prevascularized tumors growing in vivo (9). Spheroids of 
the prostate cancer cell lines DU-145 and 1-LN have been 
previously reported and used in the investigation of antibody 
penetration and treatment response (10-13). In this work, we 
report on the formation of prostate carcinoma spheroids using 
the LNCaP cell line (14, 15). Mathematical fitting of spheroid 
volume and PSA3 (1) release measurements to the appropriate 
equations were used to quantitatively characterize the growth 
and PSA production characteristics of these spheroids. EM was 
used to examine the ultrastructure of the spheroids and the 
mechanism of cell-cell attachment. Cell viability and prolifera- 
tive capacity at different depths within spheroids of different 
diameters were assessed by BrdUrd staining. LNCaP cells ex- 
hibit properties that are highly representative of prostate carci- 
noma in vivo. They exhibit metastatic potential, are androgen 
responsive, and also produce the three prostatic biomarkers 
prostatic acid phosphatase, PSA, and prostate-specific mem- 
brane antigen (14, 16). 

Materials and Methods 
Cells 

LNCaP (LNCaP-FGC) cells were purchased from the 
American Type Culture Collection (Manassas, VA). LNCaP- 
FGC is the cell line that is commonly used in animal studies and 
is commonly referred to as LNCaP. The FGC designation refers 
to a fast-growing clone of the original LNCaP cell line (15). 
Monolayer cultures were incubated in RPMI 1640 (Life Tech- 
nologies, Inc., Grand Island, NY) supplemented with 10% fetal 
bovine serum (Gemini Bio-Products, Inc.), 100 units/ml peni- 
cillin, and 100 |xg/ml streptomycin. The cell cultures were kept 
at 37°C in a humidified 5% C02 and 95% air incubator. 

Spheroids 
Spheroids were initiated using the liquid overlay technique 

(17). Cells for spheroid formation were obtained by trypsiniza- 
tion from growing monolayer cultures. Approximately 2 X 106 

LNCaP cells were seeded into 100-mm dishes coated with a thin 
layer of 1% agar (Bacto Agar; Difco, Detroit, MI) with 15 ml of 
RPMI 1640 supplemented with 10% fetal bovine serum, 100 
units/ml penicillin, and 100 |xg/ml streptomycin. The plates 
were incubated at 37°C in a humidified 5% C02 and 95% air 
atmosphere. After an incubation period of 4-6 days, spheroids 
of 100-150 |xm in diameter were selected using an inverted 
phase microscope and transferred to individual wells coated 

3 The abbreviations used are: PSA, prostate-specific antigen; BrdUrd, 
bromodeoxyuridine; EM, electron microscopy. 
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Fig. 1 Fitted growth curve of individual LNCaP spheroids. Each point 
represents one spheroid. Growth of each spheroid was monitored sep- 
arately; the data are combined to depict overall growth kinetics. The 
solid line was obtained using the Gompertz equation and the parameters 
listed in Table 1. 

Table 1    The Gompertzian equation was fitted to spheroid growth 
curves, and the growth kinetic parameters a, b, and V0 were 

determined 
T and Vmax were calculated from a, b, and V0. The parameters are 

determined individually for each spheroid, and average values ± SD are 
listed. 

Growth 
parameters LNCaP cells 

V0 (106 

a (day 
b (day" 
T(h) 

ji,m3) 

') 

. (106 (j.m3) 

0.6 ± 0.2 
0.57 ± 0.07 

0.068 ± 0.008 
29 ±4 

3078 ± 1277 

with a thin layer of 1% agar. The medium was changed three 

times per week. Light microscopy images were acquired using 
an inverted phase microscope (Axiophot 2; Carl Zeiss Ltd., 
Göttingen, Germany) fitted with a digital camera (EOS-DCS 5; 
Kodak, Rochester, NY). 

Fig. 2   Light microscope image of a spheroid at (a) day 12 and (b) day 
39. 

Characterization of Spheroid Growth 

The major (rfmax) and minor (dmin) diameters for each of 24 
spheroids growing in a 24-well plate were determined using an 
inverted phase microscope fitted with an occular micrometer. 
Spheroid volume was calculated as V = IT X rfmax X Jmin

2/6. 

The volume-versus-time curves [V(t)] of 24 individual spheroids 
were each fit to the Gompertz equation (18-20): 

(A) V(t) = V0 expl £(1 - exp(-fa)) 

where V0 is the initial volume of the spheroid, a is the maximum 
potential growth rate, b is the rate at which growth slows down, 
and t is the time elapsed since the initial volume measurement. 
The simulation analysis and modeling software package 
(SAAM II, version 1.1; SAAM Institute Inc., Seattle, WA) was 
used to perform the fits (21, 22). The potential doubling time (7) 

of tumor cells making up the spheroid can be calculated as T = 
ln(2)/a, and the asymptotic maximum spheroid volume is given 

as V„ V0 exp(a/b). 

BrdVrd Staining 

Tumor cell viability within spheroids of different diameters 
was assessed by BrdUrd staining. After a 62-h incubation with 
10 |JLM BrdUrd, spheroids were washed with cold medium and 
then placed in OCT-filled cryomolds. A long incubation period 
was used to increase diffusion into the spheroids. Frozen blocks 

were produced by immersion into a dry ice-ethanol bath. Serial 
5-|xm sections of the frozen blocks were made using a cryotome 
and mounted on poly-L-lysine-coated slides that were fixed in 
hydrogen peroxide with 90% methanol. BrdUrd staining was 
performed using a biotinylated mouse antibody against BrdUrd 
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fig. 3   Light microscope images of 5-|xm spheroid sections stained for BrdUrd (brown) and counterstained with H&E. Spheroids with diameters of 
(a) 200, (b) 400, and (c) 600 |xm are shown. 

and streptavidin-peroxidase (BrdUrd Staining Kit; Calbiochem, 
Oncogene Research Products, Cambridge MA). 

EM 
Transmission EM. Spheroid pellets were fixed in 

2.5% glutaraldehyde, treated with 2% 0s04, rinsed with 
distilled H20, dried using alcohol, and embedded in Poly/Bed 
812. Thin sections were obtained using a Sorvall Ultra- 
Microtome MT-2 and photographed using a JEOL 1200-EX 
electron microscope. 

Scanning EM. The spheroids were placed on poly-L- 
lysine-coated Thermonox plastic coverslips. The 2.5% gluteral- 
dehyde-treated and alcohol-dried samples were then freeze- 
dried and sputter-coated with gold/palladium in a Technics 
Hummer VI sputtering system. The samples were photographed 
using a JEOL JSM 35 scanning electron microscope. 

PSA 
PSA was determined by heterogeneous sandwich magnetic 

separation using an automated clinical immunoassay analyzer 

(the Technicon Immuno 1 System; Bayer Corp., Tarrytown 
NY). All PSA determinations were made for spheroids growing 
in 2 ml of media after 3 days of incubation. 

A relationship between spheroid volume and PSA secretion 
was derived by assuming that PSA is secreted by viable cells 
only and that it can freely diffuse out of the spheroid. Spheroids 
that are greater than 300-400 |xm in diameter have been char- 
acterized as having a hypoxic or necrotic core of cells sur- 
rounded by a rim of proliferating cells that remains constant in 
width over the spheroid diameters examined. In the absence of 
a necrotic or hypoxic core, all cells within the spheroid would be 
expected to secrete PSA. Given the assumptions indicated 
above, PSA secretion as a function of spheroid radius is repre- 
sented by: 

4ir    , 
r<T 

4TT (B) 
f-j-tf-lr-Tf)    r>T 
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(a) (b) 

Fig. 4   a, scanning EM of 45-50-jji,m-diameter spheroid, b, transmission EM showing a desmosome between the two white arrows. Dark bar (bottom 
right), 500 nm. 
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Fig. 5 PSA concentration for three different spheroids, individually 
identified by a triangle, square or circle. A fit of equation 2 to the data 
are depicted by the solid line. The dotted line represents the PSA versus 
spheroid radius expected if all cells in the spheroid were producing PSA. 

where r is the radius of the spheroid, Tis the thickness of a shell 
of viable cells, and / is a conversion factor that relates PSA 
secretion to a volume of viable cells. Parameter / can be ob- 
tained from spheroids that do not have a hypoxic or necrotic 
core, i.e., r < T. The thickness of viable cells (7) was obtained 
by fitting measurements of spheroid volume versus PSA to Eq. 

B. The simulation analysis and modeling software package 
described above (SAAM II, version 1.1) was used to perform 
the fits. 

Results 
Fig. 1 depicts growth data for 24 individual LNCaP sphe- 

roids followed over a 60-day period. The growth kinetic param- 
eters listed in Table 1 were used with Eq. A to obtain the solid 
curve shown in the figure. Fig. 2, a and b, depicts light micros- 
copy images of a typical spheroid 12 and 39 days after the 
initiation of spheroid growth. On day 12, the spheroid volume is 
70 X 106 |xm3 (diameter = 500 p,m), corresponding to the rapid 
growth phase; the spheroid volume on day 39 is 1800 X 106 

p,m3 (diameter = 1500 p,m), corresponding to the plateau 
growth phase seen in Fig. 1. Spheroids that are greater than 200 
|xm in diameter are likely to have a core of cells that do not 
proliferate. This is shown in the BrdUrd images of Fig. 3. Such 
a core of nonproliferating tumor cells is clearly evident in a 
400-|xm-diameter spheroid (Fig. 3b). As the spheroid size in- 
creases, this core of cells becomes necrotic. This is shown in 
Fig. 3c, which depicts a spheroid with a diameter of 600 p.m. At 
a diameter of 200 p,m, there is no such well-delineated core, but 
the proliferating cells are concentrated toward the periphery of 
the spheroid (Fig. 3a). These observations are consistent with 
those seen in spheroid models of other cell lines and result from 
reduced nutrient and oxygen availability at the spheroid core as 
the spheroid diameter increases (23). Based on the images in 
Fig. 3, b and c, and also on other BrdUrd images (data not 
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shown), the rim of proliferating cells is 76 ± 13 (xm thick. Even 

within this rim of proliferating cells, only approximately 50% of 

the cells stained with BrdUrd. This suggests that there is a high 

fraction of nonproliferating or quiescent cells in these spheroids. 

Similar results have been obtained in other spheroid models 

(23, 24). 

Scanning and transmission EM images of two different 

spheroids are shown in Fig. 4, a and b, respectively. Cells 

making up the 45-50-u.m-diameter spheroid in Fig. 4a appear to 

be covered by an extracellular matrix. The connection between 

cells making up the spheroids may be identified from Fig. 4b. 
The border between the two cell portions appears as a contin- 
uous transverse line that spans the middle of the image. Cell-cell 
attachment via a desmosome is indicated by the dark patch of 
filaments spanning the two cell membranes (shown between the 
two white arrows). A mitochondrion may be seen immediately 
above the desmosome, and just above this, the nuclear envelope 
of the top cell is visible. Cell adhesion by desmosomes provides 
strong bonds between cells, but only at specific points of con- 
tact. This yields a spheroid architecture that would allow the 
diffusion of larger molecules such as antibodies but is also 
tightly held together. 

The increase in PSA concentration with spheroid radius is 
shown in Fig. 5 for three different and separately monitored 

spheroids. The data show an exponential rise in PSA for sphe- 
roids below 200 (j,m in radius; as the spheroids grow, the 
exponential rate associated with PSA release decreases. A fit of 
Eq. B to these data yields the solid line shown on the figure. The 
fitted values for / and T were 2.8 X 10"7 ± 0.2 X 10"7 

ng/ml/(j,m3 and 77 ± 3 u,m, respectively. The figure also shows 
the PSA concentration curve that would have been obtained if 
PSA were generated from all cells making up the spheroids (i.e., 
if PSA production were not limited to a rim of proliferating 
cells). The value for T obtained from the fit is in good agreement 
with the average thickness of 76 ± 13 pun obtained from the 
BrdUrd images. 

Discussion 
We have grown and characterized spheroids of LNCaP, a 

prostate carcinoma cell line. Spheroid growth could be de- 
scribed by a Gompertz equation. Spheroids of other human 
tumor cell lines (10, 25) have also shown Gompertzian growth 
characteristics. The potential doubling times for spheroids of the 
breast carcinoma cell line MCF-7 and of the prostate carcinoma 

cell line DU145 are 46.2 and 120 h, respectively, versus 29 h for 
the LNCaP spheroids obtained in this study. BrdUrd staining to 
assess cell proliferation showed that a nonproliferating core of 
cells may be seen at a spheroid diameter of 400 u,m, but not at 
a spheroid diameter of 200 (jum. Larger spheroids developed 
necrotic cores. The 76 \xm thickness of the rim of proliferating 
cells seen in these spheroids is consistent with the 100 |xm 
thickness observed in 800-|xm-diameter DU145 spheroids (10). 
These results suggest that the efficacy of anticancer agents on 

tumor cells that are proliferating or are viable but nonprolifer- 
ating may be studied with spheroids by selecting the appropriate 
initial spheroid diameter. Efficacy studies using spheroids with 
diameters that are of the order of 1 mm are likely to be heavily 
influenced by the large core of necrotic cells. Ultrastructure 

studies of the LNCaP spheroids showed that, as might be ex- 

pected in vivo, desmosomes are partially involved in cell-cell 
adhesion. PSA production by the spheroids was well predicted 
as originating from a shell of viable cells. The shell thickness, as 
predicted by fitting an equation to the data, was consistent with 
that determined from BrdUrd immunohistochemistry. 

The LNCaP cell line is widely used as a model of prostate 
cancer in vivo. Spheroids of this tumor cell line have not been 

previously reported. Spheroids with initial diameters of 150- 
200 |xm will be used in future studies to model systemic treat- 

ment of micrometastases (26). The baseline measurements re- 
ported herein will be used to evaluate treatment response. In 
addition to spheroid growth delay, the results demonstrate that 
PSA production would be a valuable measure of treatment 
response. Therefore, this spheroid model provides two of the 
primary measures for assessing treatment response in vivo, but 
with the advantage that the growth and treatment conditions 
may be tightly controlled. 
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ABSTRACT 

A theoretical drawback to a-particle therapy with 213Bi is the short 
range of the particle track coupled with the short half-life of the radio- 
nuclide, thereby potentially limiting effective cytotoxicity to rapidly ac- 
cessible, disseminated individual tumor cells (e.g., as in leukemia). In this 
work, a prostate carcinoma spheroid model was used to evaluate the 
feasibility of targeting micrometastatic clusters of tumor cells using 213Bi- 
labeled anti-prostate-specific membrane antigen (PSMA) antibody, J591. 
In prostate cancer, vascular dissemination of tumor cells or tumor cell 
clusters to the marrow constitutes an important step in the progression of 
this disease to widespread skeletal involvement, an incurable state. Such 
prevascularized clusters are ideal targets for radiolabeled antibodies be- 
cause the barriers to antibody penetration that are associated with the 
capillary basal lamina have not yet formed, ß- and y-emitting radionu- 
clides such as 131I, which are widely used in radioimmunotherapy, are not 
expected to be effective when targeting single cells or small cell clusters. 
This is because the range of the emissions is one to two orders of magni- 
tude greater than the target size, and the energy deposited per traversal is 
insufficient to produce any significant radiobiological effect. Spheroids of 
the prostate cancer cell line, LNCaP-LN3, were used as a model of 
prevascularized micrometastases; their response to an anti-PSMA anti- 
body, J591, radiolabeled with the a-particle emitter 2I3Bi (Tm, 45.6 min.) 
has been measured. The time course of spheroid volume reductions was 
found to be sensitive to the initial spheroid volume. J591 labeled with 0.9 
MBq/ml 213Bi resulted in a 3-log reduction in spheroid volume on day 33, 
relative to control, for spheroids with an initial diameter of 130 (im; 1.8 
MBq/ml were required to achieve a similar response for spheroids with an 
initial diameter of 180 fim. Equivalent spheroid responses were observed 
after 12 Gy of acute external beam photon irradiation. Monte Carlo-based 
microdosimetric analyses of the 213Bi decay distribution in individual 
spheroids of 130-/xm diameter yielded an average a-particle dose of 3.7 
Gy to the spheroids, resulting in a relative biological effectiveness factor of 
3.2 over photon irradiation. The activity concentrations used in the ex- 
periments were clinically relevant, and this work supports the possibility 
of using 213Bi-labeled antibodies not only for disseminated single tumor 
cells, as found in patients with leukemia, but also for micrometastatic 
tumor deposits up to 180 fim in diameter (1200 cells). 

INTRODUCTION 

Radiolabeled antibody therapy has already demonstrated efficacy in 
the treatment of non-Hodgkin's lymphoma (1-3). Results have been 
largely disappointing, however, in the targeting of bulky disease. To 
target bulky disease, i.v. administered antibody must extravasate, 
diffuse across an interstitial fluid space, and then distribute throughout 
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antigen-positive cells. Each of these steps is associated with a barrier 
to delivery (4-9). By targeting hematologically distributed, single 
tumor cells or tumor cell clusters, the barriers to antibody delivery are 
diminished. 

ß-Particle-emitting radionuclides such as 131I and 90Y have been 
used in most applications of radioimmunotherapy. These radionu- 
clides are suboptimal for sterilizing single tumor cells or small tumor 
cell clusters because the concentration of radioactivity required to 
provide the thousands to tens of thousands of ß-particle traversals 
through the cell nucleus needed to achieve cytotoxicity would also 
yield prohibitive normal organ toxicity. a-Particles are much more 
cytotoxic than ß-particles and would, therefore, be ideal candidates in 
targeting individual tumor cells or small clusters. The effectiveness of 
a-particles arises because the amount of energy deposited per unit 
distance traveled (linear energy transfer) can be several orders of 
magnitude greater than that of ß-particles. Cell survival studies have 
shown that a-particle-induced killing is independent of oxygenation 
state or cell cycle during irradiation (10, 11). 

Spheroids have been used by a number of investigators as models 
of tumor cell micrometastases (12-17). These multicellular clusters 
provide the experimental flexibility of monolayer cultures while pre- 
serving the three-dimensional structure that is important for the cell- 
to-cell interaction that exists in vivo. The spheroid model is particu- 
larly important in establishing a relationship between antibody 
binding kinetics, antigen density, internalization, and external anti- 
body concentration, as well as to assess kill probability under different 
antibody concentrations and specific activities. It is an ideal model to 
optimize treatment parameters. Such optimization is essential in the 
treatment of micrometastases because objective measures of response 
will not be generally available in vivo. 

Previous spheroid studies with large (800-jum-diameter) spheroids 
using antibodies labeled with the a-particle emitter, 212Bi, concluded 
that this a-particle emitter would be ineffective because the short, 
50-90-jum range of the a-particles, coupled with the short, 1-h 
half-life, restricted tumor cell targeting (18). The requirement of 
adequate oxygen and nutrient supply, however, limits prevascularized 
micrometastases to maximum diameters of 150-200 /um. The emis- 
sion properties of 213Bi (Fig. 1) used in the experiments reported here 
are similar to those of 212Bi, with the exception that 213Bi does not 
emit the highly energetic and penetrating photon emissions found in 
212Bi. Recently, Kennel et al. (19) compared surviving fraction of 
cells in monolayers and in spheroids irradiated by surface-bound 
213Bi. These studies were carried out using spheroids derived from the 
murine EMT6 cell line and the 13A antibody against murine CD44. 
Tumor cells in spheroids were efficiently killed for spheroids up to 
20-30 cells in diameter. Animal studies have also been performed and 
show that a-particle emitters yield superior tumor control relative to 
ß or Auger electron emitters (10, 20-23). Human use of a-particle 
emitters has also been reported (24-26). The first implementation was 
with 213Bi conjugated to the anti-CD33 antibody, HuM195, targeting 
myeloid leukemia. This trial demonstrated feasibility and anticancer 
activity with minimal toxicity (24). The anti-tenascin antibody, 81C6, 
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Fig. 1. 2,3Bi decay scheme. 

labeled with the a-particle emitter, 211At, has been injected into 

surgically created cavities in patients with malignant gliomas. This 

trial has demonstrated substantially better tumor control relative to 
13II-labeled 81C6 antibody (27). 

Fifty to 60% of prostate cancer patients either present with or 
develop metastases in the course of their disease. Of those that 

metastasize, bone involvement occurs in >80% of cases (28). The 
unique propensity of prostatic epithelial cells to seed in the bone 
marrow and, in advanced disease, to disseminate as small (rapidly 
accessible) clusters, eventually invading the bone matrix to become 
skeletal metastases (29), forms a compelling rationale for investigat- 
ing 213Bi radioimmunotherapy against prostate cancer. In this study, 
spheroids of the prostate carcinoma cell line LNCaP-LN3 are used to 
investigate the potential efficacy and to optimize the use of 213Bi- 
labeled anti-PSMA4 antibody in targeting disseminated prostate can- 
cer micrometastases. 

MATERIALS AND METHODS 

Cells. LNCaP-LN3 cells were provided by Drs. Curtis Pettaway and Isaiah 
Fidler of the M. D. Anderson Cancer Center. LNCaP cells of the LN3 subline 
exhibit a highly metastatic potential and produce all three prostatic biomarkers: 
prostatic acid phosphatase, prostate-specific antigen, and PSMA (30-32). The 
cells are hormonally responsive to testosterone, express high affinity to an- 
drogen receptors, and are tumorigenic in nude mice. Monolayer cultures were 
incubated in RPMI 1640 (Life Technologies, Inc., Grand Island, NY), supple- 
mented with 10% fetal bovine serum (Gemini Bio-Products, Inc., Woodland, 
CA), 100 units/ml penicillin, and 100 /ig/ml streptomycin. The cell cultures 
were kept at 37°C in a humidified 5% C02 and 95% air incubator. 

Spheroids. Spheroids were initiated using the liquid overlay technique of 
Yuhas et al. (33). Details regarding LNCaP spheroid formation and charac- 
terization are described in Ballangrud et al. (17). Approximately 106 LNCaP- 
LN3 cells, obtained by trypsinization from growing monolayer cultures, were 
seeded into 100-mm dishes coated with a thin layer of 1% agar (Bacto Agar; 
Difco, Detroit, MI) with 15 ml of RPMI 1640, supplemented with 10% fetal 
bovine serum, 100 units/ml penicillin, and 100 ^g/rnl streptomycin. After 3-4 
days, spheroids of approximate diameters 130 ± 20 /um and 180 ± 20 /xm 
were selected under an inverted phase-contrast microscope with an ocular scale 
using an Eppendorf pipette. The selected spheroids were transferred to 35-mm 
bacteriological Petri dishes in 2 ml of medium for treatment. 

Antibodies. The anti-PSMA antibody, J591, used in these experiments 
targets the external domain of PSMA (34). PSMA is expressed on the surface 
of the original LNCaP cells at a density of -180,000 sites/cell (35, 36). Using 
a modified Scatchard analysis (37), an antigen site density for the LN3 subline 
of 130,000 sites/cell was measured. PSMA expression has also been found in 

4 The abbreviation used is: PSMA, prostate-specific membrane antigen. 

tumor but not in normal vascular endothelium (34, 38). The anti-CD33 anti- 
body, HuM195 (39, 40), was used as a nonspecific control. 

2I3Bi Labeling. The isothiocyanatobenzyl derivative of CHXA-DTPA 
(41-43) was used to chelate 213Bi to the two antibodies. The radionuclide was 
available from an 225Ac/213Bi generator that was obtained from the Trans- 
uranic Research Institute (Karlsruhe, Germany) and the United States Depart- 
ment of Energy. Details regarding the 225Ac/213Bi generator and the chelation 
of 213Bi to antibodies have been published previously (44, 45). The specific 
activity was 92.5 GBq/g (2.5 Ci/g) for both 213Bi-J591 and 213Bi-HuM195. 
Purity was 86% for 213Bi-J591 and 98% for 213Bi-HuM195. 

Treatment Protocol. Spheroids were incubated with 0.9 and 1.8 MBq/ml 
213Bi on 10 fig/ml J591 (specific antibody) or HuM195 (hot control) for 15, 30, 
and 60 min and 24 h. Twenty-four spheroids were used in each experiment; 
after each incubation period, the spheroids were washed three times by 
suspension in fresh medium and placed in separate wells of a 24-well plate. 
Spheroids exposed to 10 jxg/ml unlabeled J591 (cold control) and unexposed 
spheroids (control) were followed in the same manner. The medium in each 
well was replaced, and individual spheroid volume measurements were per- 
formed twice per week. An inverted phase microscope fitted with an ocular 
micrometer was used to determine the major and minor diameter dmax and dmi„, 
respectively, of each spheroid. Spheroid volume was calculated as 
V = tT'dmax-dmin

2l6. Volume monitoring was stopped once a spheroid had 
broken up or fragmented to individual cells or two to three cell clusters. 

External Beam Irradiation. Spheroids were exposed to acute doses of 9 
and 12 Gy external beam photon irradiation using a Cesium irradiator at a dose 
rate of 0.8 Gy/min (Cs-137 Model 68; JL Shepherd and Associates, Glendale, 
CA.). Volume measurements of 24 spheroids at each dose level were per- 
formed as described above. 

Antibody Penetration. Spheroids of diameter 200 /xm were incubated 
with 10 /itg/ml FITC (F7250; Sigma Chemical Co., St. Louis, MO.)-conjugated 
J591 for 1, 2, 3, and 24 h and imaged by confocal microscope while still in the 
incubation medium. A 3-/xm-thick optical section was acquired at the center of 
each spheroid. Five spheroids were imaged for each time point. Antibody 
concentration as a function of radial distance was obtained using MIAU, a 
software package developed in-house (46). Briefly, a circular erosion element 
was used to follow the exterior contour of each spheroid and delineate rings of 
5-/u,m thickness. The average pixel intensity in each ring was converted to 
antibody concentration by calibration with the known external concentration of 
antibody. The antibody concentration as a function of distance from the rim of 
the spheroid was corrected for light attenuation. Confocal microscope images 
of the equator plane of spheroids derived from cells transfected with green 
fluorescent protein were used to determine an attenuation correction dependent 
on the diameter of the spheroid. The spatial distribution of antibody concen- 
tration after different incubation durations was then used to calculate the radial 
distribution of a emissions for dosimetry. 

Dosimetry. The specific activity of the antibody was used to convert the 
radial distribution of antibody concentration to a radioactivity concentration 
that, in turn, was converted to a spatial distribution of 213Bi decays by 
integrating the radioactivity concentration profiles over time. Absorbed dose in 
the spheroids was calculated by the Monte Carlo method described by Charlton 
(47). Monte Carlo simulations were used to provide the energy and direction 
of the a-particles originating from the 213Bi decay distribution... The chord 
length of a-particle traversals through the spheroid was converted to energy 
deposition using the stopping powers data of Ziegler (48). This approach was 
also used to obtain the radial distribution of absorbed dose across the spheroid, 
as well as the mean absorbed dose over the whole spheroid volume; the former 
was obtained as the mean absorbed dose in 5-/xm-thick shells. 

Statistical Analysis. Differences in tumor volumes over time were 
analyzed using generalized estimating equation methodology (49). This 
method assesses differences in groups over time while accounting for the 
correlation within each spheroid. Approximately 25 time points were 
recorded on 24 spheroids/treatment strategy. Each treatment strategy was 
compared with the control group. In addition, 213Bi-J591 for 24 h was 
compared with the 12-Gy group, and 213Bi-J591 for 60 min was compared 
with the 9-Gy group. The P values were adjusted for multiple comparisons 
by the Bonferroni correction. 
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Fig. 2. Confocal microscopy slices through the equator of 
200-u.m-diameter LNCaP-LN3 spheroids after incubation 
with 10 fig/ml J591-FTTC for 1, 2, 3, and 24 h. 
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RESULTS 

Confocal microscope images of antibody penetration after 1, 2, 3, 
and 24 h incubation with J591-FITC are shown in Fig. 2. The images 
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Distance from rim (\im) 
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Fig. 3. Mean attenuation-corrected J591 concentration profiles in LNCaP-LN3 sphe- 
roids after 1-, 2-, 3-, and 24-h incubation with the antibody. Profiles were obtained by 
imaging five spheroids/time point. 

show tightly packed cells filling the spheroid volumes, with the FITC 
label as the darker areas. The antibody is capable of reaching the core 
after approximately four half-lives of 213Bi. No binding was observed 
in spheroids incubated with the FITC-labeled control antibody, 
HuM195-FITC (not shown). The attenuation-corrected antibody con- 
centration profiles for four different incubation periods are shown in 
Fig. 3 as a function of distance from the rim of the spheroids. 

Growth curves for individual spheroids of initial diameter 130 jam 
are shown in Fig. 4 after 24 h incubation with 0.9 and 1.8 MBq/ml 
213Bi-J591. Response after treatment with 213Bi-HuM195 is shown as 
control. The growth curve in Fig. Ad was stopped at day 29 because 
of contamination of the culture plate. Spheroids irradiated with acute 
doses of 9 (Fig. Ad) and 12 Gy (Fig. Ab) external beam are shown in 
Fig. 5. Median spheroid volumes for spheroids incubated with 0.9 
MBq/ml 213Bi are compared with response after 9 and 12 Gy external 
beam photon irradiation in Fig. 6. The regrowth curves for all groups 
of treated spheroids were significantly different (P < 0.001) from the 
control spheroids, except for the group treated with unlabeled J591. 
No significant difference was found between spheroids incubated 24 h 

Fig. 4. Individual growth curves for spheroids 
with initial diameters of 130 ± 20 u,m after a 24-h 
incubation with 0.9 MBq/ml 213Bi-J591 (a), 1.8 
MBq/ml 2l3Bi-J591 (b), 0.9 MBq/ml 213Bi- 
HuM195 (nonspecific antibody; c), and 1.8 
MBq/ml 213Bi-HuM195 (nonspecific antibody; d). 

a) 0.9 MBq/ml Bi213-J591, 24 h 
b) 1.8 MBq/ml Bi213-J591, 24 h 
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Fig. 5. Growth curves of individual spheroids after 
irradiation with an acute dose of 9 (a) and 12 (b) 
Gy external beam irradiation. 
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with 0.9 MBq/ml 213Bi-J591 and those irradiated with 12 Gy external 
beam irradiation or between the spheroids incubated with 213Bi-J591 
for 60 min and those irradiated with 9 Gy external beam. The 
estimated mean absorbed dose to spheroids treated with 0.9 MBq/ml 
213Bi-J591 for 24 h was 3.7 Gy, suggesting a relative biological 
effectiveness factor of 3 over photon irradiation in this system. 

To evaluate the impact of initial diameter on treatment response, 
growth curves for spheroids of initial median diameter of 180 /um 
were exposed to the same activity concentrations and incubation times 
as for the 130-jxm-diameter spheroids. Growth curves for 180-yxm- 
diameter spheroids are shown in Fig. 7. Monte Carlo-derived spatial 
dose distributions for 130- and 180-^,m-diameter spheroids after 
treatment with 0.9 and 1.8 MBq/ml 213Bi-J591 and HuM195 are 
shown in Fig. 8. Mean absorbed dose and spheroid fragmentation are 
summarized in Tables 1 and 2. 

Light microscope images of one spheroid fragmenting (Fig. 9a), 
and one spheroid regrowing after 24 h incubation with 0.9 MBq/ml 
2,3Bi-J591 (Fig. 9b), and a 213Bi-HuM195 treated spheroid (Fig. 9c) 
are shown. Four days after treatment, a 30-40-/xm shell of shedding 
cells is observed in the spheroids treated with the specific antibody. 

DISCUSSION 

20    30    40    50    60    70    80    90 

Distance from rim (urn) 

Fig. 8. Absorbed dose distribution for 130- and 180-fim spheroids treated with 0.9 
MBq/ml 213Bi-J591 (A) and HuM195 (A), and 1.8 MBq/ml 213Bi-J591 (■) and HuM195 
(Ü). 

Progression of prostate cancer is characterized by the dissemination 
of malignant prostatic epithelial cells and small clusters in the mar- 
row. In advanced disease, such clusters remain small in size but 

Table 1 Average absorbed dose estimates to spheroids 
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Fig. 6. Median spheroid volumes for spheroids incubated with 0.9 MBq/ml 2l3Bi 
compared with response after 9 and 12 Gy external beam photon irradiation. 

Absorbed dose (Gy) 

130-jum-diameter 
spheroid 

180-/nm-diameter 
spheroid 

Treatment group Specific       Nonspecific Specific       Nonspecific 

0.9 MBq/ml 2I3Bi, 24 h 
1.8 MBq/ml 213Bi, 24 h 

3.7                  2.5 
7.3                  5.0 

3.3                  1.9 
6.6                  3.7 

increase in frequency throughout the marrow and skeleton (28). The 
extravascular space of bone marrow is rapidly accessible by i.v.- 
administered antibodies (39, 50, 51). Therefore, use of the spheroid 
model to examine a-emitter radioimmunotherapy of such metastases 
is particularly appropriate. This analysis suggests that treatment effi- 
cacy will critically depend upon the time at which therapy is imple- 
mented relative to the time course of metastatic dissemination. A 
treatment strategy in which the a-emitter-labeled antibody is used to 
target disseminated micrometastatic deposits in the vasculature or 
bone marrow of prostate cancer patients when a prostate-specific 

Fig. 7. Individual growth curves for spheroids 
with initial diameters 180 ± 20 jj.m after a 24-h 
incubation with 0.9 MBq/ml 213Bi-J591 (a), 1.8 
MBq/ml 2,3Bi-J591 (b), 0.9 MBq/ml 213Bi- 
HuM195 (nonspecific antibody; e), and 1.8 
MBq/ml 213Bi-HuM195 (nonspecific antibody; d). — 10000 
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Table 2 Spheroid fragmentation (24 spheroids initially in each group) 

No. of intact spheroids remaining 

130-/im-diameter 
spheroid 

180-/xm-diameter 
spheroid 

Treatment group Specific       Nonspecific       Specific       Nonspecific 

0.9 MBq/ml 213Bi, 24 h 
1.8 MBq/ml 213Bi, 24 h 

24 
n/a 

10 
0 

23 
19 

antigen recurrence is first observed may reduce metastatic spread. 
Alternatively, a multi-injection treatment approach in which the in- 
terval between treatment is chosen so as to shift, with each successive 
treatment, the size distribution of micrometastases toward smaller 
diameter clusters is also likely to be effective. Longer-lived, a-parti- 
cle-emitting radionuclides such as 2UAt (half-life, 7.2 h; Ref. 52) and 
225Ac (half-life, 10 days; Ref. 53) may also provide an advantage if 
their toxicity is acceptable. Because of their longer half-life, these 
radionuclides are less susceptible to loss of activity because of the 
slow antibody penetration kinetics seen in micrometastases. 

Extrapolation of the experimental conditions used in this study to a 
human administration assuming antibodies are initially confined to a 
vascular and extracellular fluid volume of 3.8 liters (plasma volume 
plus extracellular fluid of liver, spleen, and marrow; Ref. 54), corre- 
sponds to an i.v. injection of 3.4 GBq 213Bi on 38 mg of antibody. In 
patients with leukemia, wherein localization of radiolabeled antibody 
occurred primarily in the marrow, 2.6 GBq of 213Bi were administered 
with no evidence of dose-limiting toxicity. Furthermore, the hemato- 
logical toxicity observed was not qualitatively different from that 
obtained in a similar population of patients treated with a ß-emitter 
conjugated to the same antibody (55). 

Fig. 2 shows that at an antibody concentration of 10 ju-g/ml, corre- 
sponding to 38 mg of antibody in a human antibody penetration is 
relatively slow, given the short half-life of 213Bi. By 2 h, 76% of all 
213Bi decays have already occurred. As shown in Fig. 2, complete 
penetration of spheroids by antibody is not achieved prior to 3 h. The 
81-jum range of the emitted as compensates for this, however, and as 
shown in the growth delay curves, a clinically achievable activity 
concentration yields substantial spheroid volume reduction. However, 
as demonstrated by the response of 180-/xm-diameter spheroids (Fig. 
7) relative to the 130-jam-diameter spheroids (Fig. 4), the size distri- 
bution of micrometastases will have a critical impact on the efficacy 
of the treatment approach outlined above. 

In Fig. 4a, three spheroids appear to be nonresponsive. The vol- 
umes of these are still 10- to 100-fold lower in volume than the hot 
control growth curves shown in Fig. Ac. We have no definitive 
explanations for why these three spheroids did not undergo fragmen- 
tation. It is possible that they reflect a heterogeneity in antigen 
expression, possibly derived from a subpopulation of cells whose 
antigen density was lower than the typical expression density of the 
cell population overall. The results depicted in Fig. Ad reflect "over- 
kill," i.e., the activity concentration used is higher than the threshold 
value for avoiding "toxicity" (characterized by substantial fragmen- 
tation of spheroids treated by radiolabeled, nonspecific antibody). 
Although the response shown in Fig. Ab is excellent, it comes at the 
price of greater toxicity. This result is consistent with the dose 
calculations depicted in Fig. 8a, showing that the absorbed dose 
profile from the nonspecific antibody at the high concentration is 
greater for a significant portion of the spheroid volume than the dose 
delivered by the specific antibody at the lower activity concentration. 
The results suggest that for 130-jj,m-diameter tumor cell clusters, the 
optimal activity concentration for achieving a response lies between 
0.9 and 1.8 MBq/ml 213Bi. 

In Fig. 6, the rise seen in the Bi-213-J591, 24-h curve after day 70 
may be explained by examining Fig. 4. The rise beyond day 70 
reflects the disaggregation of spheroids represented by most of the 
declining growth curves so that the median value beyond 70 days is 
after the rising growth curves. The rise in the median is sharper than 
any of the individual spheroid curves because the first post-70 day 
point is the average of the third and fourth curves (from the top), 
whereas the second and third point is obtained from the third curve. 
There is a fourth point, not shown on the plot at d = 82 that explains 
the apparent rise seen beyond day 79. This point is obtained from the 
second curve because spheroids corresponding to the two lower 
curves have disaggregated by day 82. 

As shown in Fig. 8, the spatial distribution of absorbed dose 
throughout both 130- and 180-jum-diameter spheroids, treated with 
the specific antibody, is generally uniform with a 1.3-1.4-fold "cross- 
fire"-related increase in the absorbed dose near the center of the 
spheroids. The reduction in efficacy seen between the two spheroid 
sizes does not, therefore, arise because a portion of the larger spheroid 
volume remains unirradiated but rather is attributable to the increase 
in cell number that must be sterilized to achieve spheroid fragmenta- 
tion. Approximately 600 cells make up 130-jum-diameter spheroids; 
the number doubles to 1200 cells for 180-/um-diameter spheroids. By 
convolving an a-particle radiosensitivity derived from LNCaP cells 
grown in monolayer with the mean absorbed dose in each 5-/xm-fhick 
shell, it is possible to estimate that ~4 of 600 cells may be expected 

a) 

b) 

c) 

Fig. 9. Light microscope images on days 4, 11, 18, and 29 of two spheroids treated with 
0.9 MBq/ml 2,3Bi-J591, where one spheroid fragmented (a) and one spheroid experienced 
a growth delay but then finally continued to grow (b). c, a hot control is shown on days 
4, 11, and 18. 

2012 



a IRRADIATION OF SPHEROIDS 

to survive in smaller spheroids treated with 0.9 MBq/ml. The corre- 
sponding number of cells for the larger spheroids is 12 of 1200. The 
difference in absolute number of cells remaining is likely to be 
responsible for the observed differences in treatment efficacy. In 
180-jam-diameter spheroids treated with the higher, 1.8 MBq/ml 
exposure, the number of cells expected to survive is 0.17. The much 
lower cell survival expected in this case is consistent with the results 
shown on Table 2, wherein all 24 of the larger spheroids fragmented 
after a 1.8 MBq/ml exposure. It is important to recognize that the 
radiosensitivity of cells in spheroid culture versus monolayer culture 
differs for low linear energy transfer emissions (56) and may also 
differ for a-particles (19). Nevertheless, the analysis demonstrates 
that the difference in response between the 130- versus the 180-ju,m- 
diameter spheroids is not a result of diminished absorbed dose but 
rather may be explained on basic radiobiological grounds (57). 

The radial absorbed dose distributions for spheroids treated with the 
nonspecific antibody suggest that the differences in fragmentation 
arise, in this case, in part because the 81-/urn range of Bi-213 a-par- 
ticle emissions is insufficient to reach the center of the larger sphe- 
roids. Correspondingly, no dose is delivered to the center of 180-jiim- 
diameter spheroids treated with either 0.9 or 1.8 MBq/ml nonspecific 
antibody. 

Comparing the median volume reduction curves of nonspecific and 
specific antibody (Fig. 6), a 10-15-day delay may be anticipated 
before a differential therapeutic effect is seen. The images in Fig. 9, 
however, suggest that this is a result of cell swelling prior to lysis and 
elimination (see Fig. 9a, day 4 versus day 11). 

Bone involvement in prostate cancer is the most common and 
potentially the most debilitating site of spread (28). Disruption of the 
process by which tumor cells seed the marrow to form skeletal 
metastases would be of great therapeutic value. The studies and 
analyses described in this work support the use of a-emitter radioim- 
munotherapy with 213Bi and an anti-PSMA antibody in such a treat- 
ment strategy. Animal studies (21) and results from a clinical trial in 
patients with leukemia (55) suggest that the toxicity of such an 
approach will not be prohibitive. 
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